The likely existence of aromatic anions in many important extraterrestrial environments, from the atmosphere of Titan to the interstellar medium (ISM), is attracting increasing attention. Nitrogen and oxygen atoms are also widely observed in the ISM and in the ionospheres of planets and moons. In the current work, we extend previous studies to explore the reactivity of prototypical aromatic anions (deprotonated toluene, aniline, and phenol) with N and O atoms both experimentally and computationally. The benzyl and anilinide anions both exhibit slow associative electron detachment (AED) processes with N atom, and moderate reactivity with O atom in which AED dominates but ionic products are also formed. The reactivity of phenoxide is dramatically different; there is no measurable reaction with N atom, and the moderate reactivity with O atom produces almost exclusively ionic products. The reaction mechanisms are studied theoretically by employing density functional theory calculations, and spin conversion is found to be critical for understanding some product distributions. This work provides insight into the rich gas-phase chemistry of aromatic ion-atom reactions and their relevance to ionospheric and interstellar chemistry. Published by AIP Publishing. [http://dx
INTRODUCTION
The atmosphere of Titan has received increasing attention since the first flyby of the Cassini spacecraft more than ten years ago. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Various neutral and cationic species have been newly observed by the Ion Neutral Mass Spectrometer (INMS) and negative ions have been detected by the Cassini Plasma Spectrometer (CAPS). 12 These observations indicate that complex chemistry in Titan's upper atmosphere plays an important role in the formation of the thick aerosol layer. 2, 13 The same chemistry may have occurred in the nitrogen-dominated atmosphere of early Earth ∼10 9 years ago. 14 The key precursors leading to aerosols are likely to be aromatic. 2, 13 It was unexpected that negatively charged molecules, whose existence was not previously considered, would be widely observed by CAPS in high altitudes of Titan's atmosphere. 2, 3, 12, [15] [16] [17] [18] Beginning in 2006, negative ions have also been detected in interstellar clouds, and six species, CN , have now been confirmed. [19] [20] [21] [22] [23] [24] [25] These observations suggest that anionic reactions may be important in the formation and distribution of species in the interstellar medium (ISM). 26, 27 Cyclic aromatic molecules are ubiquitous throughout the ISM 2, [28] [29] [30] [31] and N and O atoms show high interstellar atomic abundance. An understanding of reactions between aromatic anions and atomic species can help to understand the formation and evolution of the ISM.
Experimental studies of the reactions of N and O atoms are challenging. 32 However, we have successfully studied the reactions of carbon chain anions (such as C n − and HC n − ) and N-containing hydrocarbon chain anions (such as CH 2 CN − , CH 3 CHCN − , and (CH 3 ) 2 CCN − ) with ground state atomic N( 4 S) and O( 3 P). 33, 34 The reactions of C n − with N atoms , which have been observed in the ISM and in Titan's upper atmosphere. 3, 19, 23, 24 The reaction rate constants of carbon chain anions with O atoms are approximately one order of magnitude larger than those with N atoms, and the neutral product CO is generated instead of C n O − . 34 Spinforbidden processes have been discussed for the reactions of N-containing hydrocarbon chain anions with N and O atoms, and the importance of spin conservation and conversion on the reactions of interstellar species of high multiplicity such as N( 4 S) and O( 3 P) has been recognized. 33 Recently, we also studied the reactions of phenide (C 6 H 5 − ), pyridinide (C 5 H 4 N − ), 1,2-, 1,3-, and 1,4-diazinide (C 4 H 3 N 2 − ), and 1,3,5-triazinide (C 3 H 2 N 3 − ) with ground state N( 4 S) and O( 3 P) atoms. The major reaction channel of these azine anions with N and O atoms is associative electron detachment to produce electrons and neutral products. The reactions of N atoms with azine anions (reaction rate constants on the order of 10 −10 cm 3 s −1 ) are generally faster than those with the carbon chain anions. 33, 34 Additionally, the reactions of azine anions with O atoms are ∼2-5 times faster than those with N atoms and show complicated and intriguing ionic product patterns. 35 We have also recently reported the reactions of OCN − with N and O atoms and determined that the processes are immeasurably slow. 36 In this paper, we investigate the reactions of benzyl, anilinide, and phenoxide anions with N and O atoms experimentally and theoretically. The major reaction channel for benzyl and anilinide anions with N and O atoms is associative electron detachment (AED) to produce electrons and neutral products; in the reactions with O atoms, ionic products are also observed. However, the reactions of phenoxide anions are strikingly different: There is no reaction with N atoms, and the major reaction channels with O atoms are ion generating path-ways. This behavior dramatically contrasts with previously studied reactions of carbon-containing aromatic species with O atoms. Density functional theory (DFT) calculations are used to study the energies of the reactants, ion complexes, transition states, and products to examine the reaction mechanisms in detail as well as to elucidate the spin conversion processes in the ion-atom reactions.
EXPERIMENTAL AND COMPUTATIONAL METHODS
Measurements of the reaction rate constants and product distributions were made using the tandem flowing afterglowselected ion flow tube (FA-SIFT) at the University of Colorado, Boulder. This instrument has been described elsewhere, 37, 38 and only the salient details for these experiments will be discussed here. Ions are generated using electron and chemical ionization methods in the source flow tube. A small flow of NH 3 entrained in helium buffer gas is passed over a rhenium filament to generate NH 2 − , which further reacts with neutral molecules to form the deprotonated species
The anions are mass-selected with the SIFT quadrupole mass filter and injected into the reaction flow tube. They are then entrained in helium buffer gas (0.37 Torr, ∼200 std cm 3 s −1 ) at 298 K and thermalized by multiple collisions. The ionneutral reaction is initiated by adding N or O atoms to the flow tube through an inlet positioned 70 cm upstream of the sampling orifice. Reactant and product ions are monitored with a quadrupole mass filter coupled with an electron multiplier. Microwave discharge flow techniques are used to generate N and O atoms in their ground states, which are well-established methods for studying the reactions of ions with atoms using the FA-SIFT. [33] [34] [35] [39] [40] [41] [42] [43] [44] [45] [46] Figure 1 is the sample titration plot showing the logarithm of the intensity of benzyl anion (C 6 H 5 CH 2 − ) versus the flow of NO. At point A, N 2 is introduced into the flow tube with the microwave discharge off and no reaction is evident. After ignition of the discharge, N atoms are formed, and the intensity of the ions decreases slightly to the lower value at point B due to the reaction with N atoms. When NO is added to the system, N reacts with NO to generate O, and the increased depletion of the ion signal indicates the occurrence of the faster reaction, C 6 H 5 CH 2 − + O (region C). The intersection point D represents the endpoint of the titration; the flow of NO at this point is equal to both the N atom flow at the beginning of the titration as well as the O atom flow at the endpoint. Further addition of NO beyond the endpoint, region E, causes the recovery of the ion signal, because O atoms are removed by reaction with NO to form NO 2 ; subsequent reaction of NO 2 with O forms O 2 and regenerates NO. The ion loss, the atom flow rate, and other experimental parameters are used to determine the pseudo-first order reaction rate constants.
DFT calculations using the Gaussian 09 program 47 are employed to study the reactions of the anions with N and O atoms. These calculations involve geometry optimization of various reaction intermediates and transition states. Transition state optimizations are performed using either the Berny algorithm 48 or the synchronous transit-guided quasi-Newton (STQN) method. 49 For most cases, an initial estimated structure of the transition state is obtained through relaxed potential energy surface (PES) scans using an appropriate internal coordinate. Vibrational frequencies are calculated to confirm that the reaction intermediates have all positive frequencies and transition state species have only one imaginary frequency. Intrinsic reaction coordinate (IRC) calculations 50, 51 are also performed so that a transition state connects two appropriate local minima in the reaction paths. The hybrid B3LYP exchange-correlation functional 52 is adopted. A Gaussian basis set 6-311++G(d,p) is used. 53, 54 Test calculations indicate that basis set superposition error (BSSE) is negligible, and therefore BSSE is not taken into consideration. The zero-point vibration corrected energies (∆E zpe ) are reported in this study. Cartesian coordinates, electronic energies, and vibrational frequencies for all of the optimized structures are available by request to the authors.
RESULTS AND DISCUSSION

Reactions with N atoms
The rate constants for reactions of the benzyl, anilinide, and phenoxide anions with N( 4 S) and O( 3 P) atoms are summarized in Table I . In parallel with the reaction of phenide anion, reaction (2), the dominant process for the reactions of benzyl and anilinide anions with N atoms is associative electron detachment (AED) to form electrons and neutral products, reactions (3) and (4) . No ionic products are detected. The phenoxide anion is unreactive with N atom, reaction (5). The superscript numbers indicate the spin multiplicity of the species 
The total error is estimated to be ±50%. 
These AED processes are relevant to the chemistry of Titan's atmosphere, because it has been shown that nitrogen chemistry greatly influences the distribution of aromatic species in this environment. 55, 56 Moreover, the balance of the neutral and charged species is affected as AED converts the identity of the negative charge carriers from ions to free electrons and neutral molecules. The rate constants for the reactions of benzyl and anilinide anions with N atoms are smaller than those of azine anions with N atoms but similar to N-containing hydrocarbon chain anions with N atoms. 33, 35 Computations employing the DFT method show that the AED processes for the reactions of N atom with C 6 H 5 − , C 6 H 5 CH 2 − , and C 6 H 5 NH − are exothermic (reactions (2)- (4)). The rate constant for reaction of C 6 H 5 − with N atom is 1.8 ± 0.9 × 10 −10 cm 3 s −1 , which is larger than those of C 6 H 5 CH 2 − and C 6 H 5 NH − (6.5 ± 3.3 × 10 −11 and 1.3 ± 0.7 × 10 −11 , respectively). In contrast, the reaction of C 6 H 5 O − + 4 N to form the AED products ( 3 C 6 H 5 ON + e − reaction (5)) is endothermic, and experimentally the reactivity is below our detection limit of 1.0 × 10 −11 cm 3 s −1 . The experimental and computational results strongly indicate that, for the AED reactions with N atoms, the more exothermic reactions are faster. A similar observation has been reported previously. 43 The AED processes result in neutral molecules and electrons; the highly exothermic reaction 2 suggests that subsequent fragmentation of the neutral product 3 C 6 H 5 N can occur to form small neutral interstellar species.
Reactions with O atoms
The reaction of phenoxide anions with O atoms
The reaction of phenoxide anions with O atoms exhibits an extremely low AED branching fraction. This fraction is lower than ∼10% (Table I) , and ionic species dominate the product channels. This reaction is complex because various ionic products are observed experimentally (Table I  and 
The reaction rate constant of C 6 Figure 3) lower product abundance of P2 (∼30%) relative to that of P1 (∼40% moiety may be formed via the O atom transfer between neighboring C atoms (3 → 3/6 → 6). The intermediate 6 does not favor the formation of the CO 2 product because the C-C bond cleavage in 6 introduces barriers much higher than the energy of the entrance channel.
According to our calculations, the direct formation of the two minor products 3 C 5 H 5 − + CO 2 and 3 C 4 H 5 − + 2 CO on the triplet PES is unlikely, because there are high energy barriers between the reactants and the products. However, they can be formed easily on the singlet PES via a curve crossing. Figure 4 Figure 4) . The formation of the very stable CO 2 product involves an oxygen transfer and simultaneous C-C bond cleavage (8 → 8/9 → 9), leading to the formation of a stable seven-membered ring intermediate 9. Then the elimination of a CO moiety from the ring causes the formation of a very stable five-membered ring intermediate 10 [
− with a CO 2 side group (9 → 9/10 → 10). The direct evaporation of CO 2 from 10 leads to the formation of the final products C 5 H 5 − + CO 2 (P6). From intermediate 8, the hydrogen transfer between two carbon atoms to form -(CO) 2 -is also feasible (8 → 8/11 → 11). And the consecutive loss of the two CO units to form the C 4 H 5 − + 2 CO (P7) is overall barrierless. One may note that the formation of C 5 H 5 − + CO 2 (P6) is energetically much more favorable than C 4 H 5 − + 2 CO (P7). However, for spin forbidden reactions, the rate limiting step is the spin conversion process at the crossing point. This factor likely causes the similar product distributions for these reaction channels.
The reaction of O atoms with anilinide anions
Three ionic products have been observed for the reaction of anilinide (C 6 H 5 N − ) with O atom (Table I) , reaction (7). According to our calculations, all three products can be formed on the triplet PES, which is shown in Figure 5 
The reaction of O atoms with benzyl anions
The reaction of benzyl anion (C 6 H 5 CH 2 − ) with O is rather simple. Only one ionic product 2 C 6 H 5 CHO − has been observed, which is a straightforward O addition and H loss reaction pathway ( Figure 6 ). This ionic product reaction channel (P12, −4.9 kcal mol , reaction (8a)). The photoelectron spectrum of the C 6 H 5 CHO − radical anion was recently reported by Bowen and co-workers, 57 and the electron affinity of ground state C 6 H 5 CHO is found to be 8.1 kcal mol −1 . Thus, the formation of 1 
Relevance to Titan's upper atmosphere and the interstellar medium Negative ion spectra from the Cassini Plasma Spectrometer show a high abundance/strong peaks of m/z 90-95 species in the upper atmosphere of Titan. 58, 59 Benzene is considered to be the key precursor species to form aromatic aerosols. 13 The harsh environment of Titan's upper atmosphere is caused by high energy photons, electrons, and ions. The benzene derivatives might be easily synthesized under such a reactive environment. The anions of deprotonated toluene, phenol, and aniline occur at m/z 92, 94, 93, respectively, and thus are possible candidates for the anions detected in the mass range of 90-95. Furthermore, the low reactivity of these ions with N atoms indicates their possible persistence in the nitrogenrich upper atmosphere of Titan. The atomic species are widely observed in the diffuse region of the ISM, while the presence of aromatic molecules and ions has been confirmed in the dense clouds of the ISM. 60 At the edges between diffuse and dense regions, the reactions described in this paper are relevant. and aniline (Table I) . These neutral products are common interstellar species and have been widely detected in the ISM.
The thermal energy reaction rate constants sometimes change with temperature. Unfortunately, most rate constants have been measured near 300 K, not at the very cold temperatures of Titan or of interstellar space. However, temperature-variable experiments have often demonstrated either a simple temperature dependence or no dependence at all. 61 Experimental and theoretical studies of the temperaturedependent reaction rate constants for these systems are excellent future targets.
CONCLUSION
We studied the gas-phase reactions of the anions of deprotonated toluene, aniline, and phenol with N and O atoms experimentally and computationally. The benzyl and anilinide anions react with N atoms exclusively by associative electron detachment. With O atoms, the benzyl and anilinide anions show primarily AED, but minor ionic pathways are also observed; our computation shows that these ionic products can be directly formed on the triplet PES without overall barriers. The phenoxide anion shows dramatically different behavior. There is no measurable reaction with N atom, and ionic product channels dominate in reaction with O atom. This reactivity is distinct from other reaction systems of O atom with aromatic anions. However, DFT calculations confirm this preference for ionic products rather than AED. These computations also show that the formation processes of C 5 H 5 − + CO 2 and C 4 H 5 − + 2 CO are spin forbidden but can still occur on the singlet PES via a crossing point between the triplet and singlet PES. These reactions provide important information regarding the chemical processing of atomic and ionic species in the boundary layers between diffuse and dense interstellar clouds as well as in the atmospheres of Titan and the early Earth.
